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Abstract
Micro milling is a ﬂexible technique for the production of micro mechanical components like dies and moulds and process control is the key to
reach the strong production requirements. Requirements, given by engineers and designers, are addressed mainly to the functional performance of
the produced part, therfore topographic features are most decisive. Surface parameters, mainly of statistical origin, have been used for a long time
in surface characterisation and process monitoring. Furthermore, it is known that these parameters correlate with the desired functional behaviour,
but this knowledge is usually not used for a deterministic process design, uneconomic try and error approaches are still common.
Mathematical investigations can use the full process ﬂexibility for an in-process functionalization by selecting optimal conditions and process
parameters with respect to a set of relevant surface parameters. In this study, micro ball-end milling is investigated and process parameters in
order meet a predeﬁned bearing ratio curve as accurately as possible are identiﬁed. Therefore, a mechanistic surface generation model has been
developed and is used as a forward model for an iterative optimisation. Static and dynamic process geometry and a micro mechanical material
removal operator are the main features of the model. In the ﬁrst part of the paper the semi-empirical model is calibrated for certain tool and
workpiece materials. In the second part optimal feed speed and width of cut are determined. Finally, an experimental validation is presented and
the comparison of the predeﬁned, the predicted and the experimental bearing ratio curves shows a good agreement.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of The International Scientiﬁc Committee of the “15th Conference on Modelling of Machining Operations”.
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1. Introduction
Micro cutting processes are mostly used to manufacture high
precision micro components like dies and moulds. Enabling
the micro milling process for predetermined surface topogra-
phy generation requires a profound process understanding and
optimal process parameters. Industrial process set-ups, based
on try and error approaches, are restricted by inherent time and
cost demands and can not lead to optimal system parameters.
Micro milling tools leave a deterministic texture or micro
topography on the surface due to their trochoidal motion and
discontinuous material removal. Controlling these micro struc-
tures is the key in functional surface manufacturing. In order to
ensure the desired functional performance of the produced part
with respect to a particular application, the research of surface
formation and simulation is indispensable.
Surface models open up the possibilities of mathematical
investigation for process optimisation. Diﬀerent authors have
studied the geometry of surface formation for ball-end milling
by the trochoidal motion of the cutting edge. Two main scal-
lops are formed, the pick-interval scallop is formed by the the
static tool shape in concurrence with translation movement and
the feed-interval scallop is formed by simultaneous rotation and
translation motions of the tool [1–6]. Furthermore, it is reported
that feed-scallop height for micro ball-end milling is 3–4 times
larger than pick-feed scallop height [1,3] and thus it can be
stated that, in contrast to conventional milling, the most charac-
teristic texture elements are deﬁned by feed-scallops. The main
aﬀecting factors for feed-scallop height are feed, inclination of
the tool and entrance angle of the cutting tool [1]. The main
drawback of the kinematic proﬁle which is simulated in the pre-
viously mentioned work is the decline of conformity of surface
structures with process down-scaling. This is due to ploughing
eﬀects, which appear in micro ball-end milling, especially if the
tool-axis is orthogonal to the resulting surface and is mainly at-
tributed to an undeformed chip thickness below the minimum
chip thickness. Ploughing eﬀects can be suppressed by choos-
ing large tool diameters or inclined micro ball-end tools.
For this study, a geometric surface generation model for
micro milling has been developed, see [7]. This model han-
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dles static and dynamic tool motions as well as a material re-
moval under consideration of the minimum chip thickness and
is used as the forward model for the presented process optimi-
sation. The main characteristics of the model are described in
section 2. In a ﬁrst step, model parameters are identiﬁed from
measured topographic data to form a data basis. The acquired
data is used in a second step to determine machining parameters
in order to meet a predeﬁned bearing ratio characteristic. Both
optimisation steps are described in section 3. Information about
the experimental setup is given in section 4. The paper closes
with results of the model calibration and process optimisation.
Finally, a discussion and an outlook is given.
2. The surface model
In general, the surface model maps machining parameters p1
and model parameters p2 to a pixel image of the resulting sur-
face. The calculation is performed in the visualisation pipeline,
as depicted in Fig. 1. The machining parameters (e.g. depth
and width of cut, feed per tooth, rotational speed) deﬁne basic
motions and build the static part of the kinematic operator. The
kinematic operator arranges the objects tool and workpiece and
ensures an unique conﬁguration of both objects in 3D space. In
this stage a process visualisation is possible. The tool is swept
within the object space and is projected onto the workpiece
plane with help of a framework of hidden surface determina-
tion. This step is a Boolean material removal in image space
and is computationally more eﬃcient than a Boolean subtrac-
tion in object space.
The surface generation process is controlled by a process
model which describes the interaction of tool and workpiece.
The process model gives the cause of motion errors, especially
the deﬂection of the tool tip. Furthermore it deﬁnes the material
removal characteristics.
2.1. Tool oscillation
The basic principle of the tool oscillation modelling is the
single mass oscillation system
mδ¨ + dδ˙ + kδ = Fc, (1)
where m is the mass, d the damping factor, k the stiﬀness and
Fc the cutting force. One possible scenario is that the machine
structure reacts much faster than the change of the acting force.
In this case m = d = 0 can be assumed and the deﬂection is
given by δ = Fc/k. Under these conditions the tool deﬂects in-
stantaneously in proportion to the cutting force. Forces could
accurately be modeled if the actual uncut chip thickness is ge-
ometrically determined by the surface model. The conditions
will be, however, not the case in micro machining with small
tools, chip thicknesses below the edge rounding and high spin-
dle speeds.
In this study it turned out that a dynamic deﬂection must be
considered and the following approach is applied: the cutting
force acts as a periodic exciter and can be approximated by a
sine function. The system oscillates after a settling phase with
the frequency of Fc as a harmonic oscillator. The regular micro
topography underpins this approach. We deﬁne the oscillation
as a harmonic oscillation of amplitude δˆ and phase shift ω0 on
parameter space
P = P1 × P2 object spacekinematics
image
spaceprojection
process modell
• machine parameters
p1,
• model parameters p2
• visualisation
• sweeping
• determination of
uncut chip thickness
• manipulation of tool
geometry
• z-buﬀering
• calculation of surface
parameters
Fig. 1: The model of surface generation: the visualisation pipeline and the
interacting process model.
the complex plane as follows:
δ = δˆe2π(nt+ω0), δˆ, ω0 ∈ , (2)
where n is the rotational frequency. The amplitude δˆ and the
phase shift ω0 are constants of the process model and are spec-
iﬁed within the calibration.
2.2. Micro mechanical material removal
For micro mechanical material removal the minimum chip
thickness becomes relevant [8]. The concept of the minimum
chip thickness is based on the observation that a minimum chip
thickness exists below which no chip is formed or chip forma-
tion is disturbed. A classiﬁcation of chip formation into three
phases, as illustrated in Fig. 2, has been established. In the
present model, the three phases are modeled by a smooth tran-
sition. The reader is refered to [7] for a detailed description
of the minimum chip thickness concept and the speciﬁc model
implementation.
3. Optimisation scheme
In the following, the procedure of parameter identiﬁcation
is presented in detail. The surface formation is described by
a complex nonlinear operator and thus a Newton-like frame-
work for iterative parameter identiﬁcation is used. The for-
ward model expresses the surface generation with subsequent
function-related feature extraction. In the inverse way, features
are mapped directly to the process set-up.
The main objective is the function-related optimisation of
machining parameters and is performed in two steps. Let P1
be the set of machining parameters and P2 the set of model
parameters. The steps are:
1. Model calibration (learning): Identify p2 ∈ P2 for diﬀerent
selected machining parameters p1 ∈ P1.
2. Optimisation: Identify machining parameters p1 ∈ P1 us-
ing interpolated model parameters.
In the calibration the model parameters are determined that sim-
ulation and experiment are as similar as possible. The calibra-
tion scheme is depicted in Fig. 3a and must be performed as
often as possible to form the database.
The function-related process optimisation, as depicted in
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removed material
elastic deformationnominal chip thickness
Fig. 2: The concept of the minimum chip thickness with three phases of chip
formation and the continuous truncation function of the surface generation
model.
Fig. 3b, is similar to the calibration campaign, in addition sur-
face features, e.g. bearing ratio, are extracted from the surface
image and compared with the required ones.
3.1. Measures of similarity
Surface parameters are commonly used for characterisation
and comparison of surface topographies. Even a combination
of scalar parameters is an information reduction. Therefore, a
cross correlation method is used in the calibration routine. The
cross correlation considers all height values and the areal ex-
pansion of the micro structures and is often used for image reg-
istration. Let F be the simulated and G the measured surface.
The normalised cross correlation function is given by
(F G)(i, j) :=∑
k
∑
l(G(k, l) − G¯i j)(F(k + i, l + j) − F¯)√∑
k
∑
l(G(k, l) − G¯i j)2
√∑
k
∑
l(F(k + i, l + j) − F¯)2
. (3)
Due to the normalisation it holds that 0 ≤ F  G ≤ 1 and a
large value means better correlation. It should be noted that
a meaningful comparison needs both images aligned equally.
Alignment is controlled by translation shifts i and j, therefore
G must be deﬁned on a larger area than F.
In the context of a tribological function, the bearing ratio
is considered in the process optimisation. Therefore, surface
height is interpreted as a random value. Let p be the probability
density function (PDF) of surface height. The anti-derivative
P(z) =
z∫
−∞
p(ζ)dζ (4)
is called cumulative density function (CDF) of surface height.
P(z) ∈ [0, 1] is the probability of having a height value less than
z. Bearing ratio or the Abbott-Firestone curve is the comple-
ment of P(z) and is given by
T (z) := 1 − P(z), z ∈ [0, zmax]. (5)
Because −T ′ = p two bearing ratios can be compared by means
of their discrete probability density function or histogram bins
iterative
optimization
initial guess
input
parameters
surface
F
experiment
surface
G
F  G
optimal model parameters
(a) Calibration scheme.
iterative
optimization
initial guess
input
parameters
surface
F
bearing ratio
requirement
bearing ratio
χ2
optimal machine parameters
(b) Scheme of bearing ratio pro-
cess optimisation.
Fig. 3: Optimisation schemes.
pi using the chi-square test i.e.:
χ2(F,G) =
∑
i
(pi(F) − pi(G))2
pi(G)
. (6)
A minimum diﬀerence between the measurement and simula-
tion is intended, i.e. χ2(F,G) = 0.
3.2. Parameter identiﬁcation
The objective of calibration is to maximise the correlation
function (3) over the model parameters p2 for given machin-
ing parameters p1. The relevant model parameters in this study
are p2 = (δˆ, ω0, hmin, φ0)T , the amplitude and the phase shift of
tool oscillation, the minimum chip thickness and a successive
phase shift of tool entrance angle for every path. The optimal
machining parameters are
p∗2 = argmax
p2∈P2i, j∈
{(F(p1, p2) G(p1))(i, j) + q(F)} (7)
The indices i, j ∈ align peaks and valleys of the images F
and G to ensure a meaningful comparison of both.
Let T˜ be the predeﬁned bearing ratio or Firestone-Abbott
curve, compare Fig. 4. In accordance to section 3.1 the values
p˜i of the discrete probability density function are derived. Then
the optimal machining parameters are
p∗1 = argmin
p1∈P1
⎛⎜⎜⎜⎜⎜⎝
∑
i
(pi(F) − p˜i)2
p˜i
⎞⎟⎟⎟⎟⎟⎠ . (8)
In this study simple raster milling is performed, which means
p1 = (ae, v f , ap)T .
4. Experimental section
The required input parameters for the model calibration
were derived from micro milling experiments. Surfaces were
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machined by raster milling with varied process parameters
and characterised by areal surface metrology. The work-
piece material for the calibration campaign was sintered 1.2379
(X153CrMoV12) cold working steel with a hardness of 60±0.6
HRC. This material exhibits a ﬁne grained micro structure with-
out primary carbides and is suitable for micro manufacturing.
The manufacture of micro structured samples was carried out
on a DMG Sauer Ultrasonic 20 linear machine tool under dry
conditions and without ultrasonic excitation. Hard coated tung-
sten carbide ball-end mills with two ﬂutes of 0.5mm diame-
ter were applied. The tool alignment was normal to the ma-
chined surfaces. The cutting strategy was up-milling. The ro-
tational speed n and the feed velocity v f were kept constant at
40 000min−1 and 1500mmmin−1 respectively.
4.1. Calibration campaign
The milling tool was replaced after a cutting distance of 4m
making the eﬀect of tool wear on the machining result negligi-
ble. The depth of cut ap with expected impact on the tool de-
ﬂection was varied for the experiments at ap = 5.0 μm, 7.5 μm,
10.0 μm, 12.5 μm, and 15.0 μm, while the width of cut was kept
constant at ae = 20.0 μm. Furthermore, the width of cut was
varied from ae = 5.0 μm to ae = 35.0 μm in 5.0 μm steps, while
the depth of cut was kept constant at ap = 10.0 μm. The ma-
chined surfaces were measured by a Sensofar Plu 2300 optical
proﬁlometer with a vertical and lateral resolution of 2 nm and
100 nm respectively.
4.2. Function-related application
Localised adapted tribological properties of dies can support
sheet metal forming processes for the control of material ﬂow or
to increase the achievable drawing ratio. In conventional form-
ing this is achieved e.g. through localised application of lubri-
cants. However, an application of lubricants to micro forming
processes is impractical due to cleaning issues in small dimen-
sions.
An alternative approach is the micro structuring of the dies
surfaces by micro milling to provide well-deﬁned tribological
properties. In [9] the eﬀectiveness of such micro structures in
strip drawing tests under dry conditions was shown. Samples
exhibiting an average roughness of Sa = 200 nm to 400 nm al-
lowed to reduce the coeﬃcient of friction down to 0.21 com-
pared to a polished reference (Sa = 30 nm) with a coeﬃcient of
friction of 0.26 [9]. Higher roughness also leads to higher fric-
tional forces. The results can be understood as a local minimum
in between adhesive and abrasive eﬀects dominating the friction
in between tool and sheet metal. Furthermore, tribological test
have been carried out using a micro tribometer that underlined
the importance of micro structured surfaces for the provision of
low coeﬃcients of friction [10,11]. It was shown that the pres-
ence of distinct valleys can maintain a low coeﬃcient of friction
even in long term testing by trapping abrasive particles, corre-
lating with the ﬁndings in [12]. At this time tribological inves-
tigations of micro structured samples manufactured by micro
milling are ongoing to allow for a more precise correlation of
areal roughness parameters and their frictional behaviour. The
Abbott curve used as input parameter for this study was de-
rived in accordance to the ﬁndings given above and is plotted
in Fig. 4. It is expected that a surface with the given set of
Fig. 4: Required Abbott curve.
height parameters can eﬀectively reduce the frictional force in
tribological contact in micro dimension.
4.3. Manufacture of micro structured samples
The machine tool and the workpiece material remained un-
changed for the validation experiment. A new 0.5mm diam-
eter ball-end mill of the same type was applied for machin-
ing. The tool was aligned normal to the workpiece surface;
the machining was carried out under dry conditions. The depth
of cut was ap = 15.0 μm. The process parameters feed ve-
locity v f , rotational speed n, and width of cut ae were set at
v f = 1642.1mmmin−1, n = 40 000min−1 and ae = 14 μm as
calculated by the inverse model. The cutting strategy was up-
milling. The raster milling was carried out until a cutting dis-
tance of lc = 4.0m was reached. The surface image recorded
for the validation by the optical proﬁlometer covered the area
which is occupied by a cutting distance of lc = 3.0m. This is to
neglect the degressive wear behaviour of the tool at the initial
tool engagement. The areal height parameters and the Abbott
curve were calculated according to DIN EN ISO 25178 from
the raw data. The calculated surface parameters as well as the
visual appearance of the manufactured surfaces were compared
to those surfaces generated by the inverse model.
5. Results and Discussion
5.1. Calibration
In the calibration campaign model parameters p2 are identi-
ﬁed from topographic measurements by solving (7). Selected
results for simulated and experimental surfaces as well bearing
ratio curves of both are shown in Fig. 5 and Fig. 6. The most
relevant machining and model parameters are listed in Table 1.
A cross correlation between 64% and 86% implies a very good
visual conformity of simulation and experiment but also a very
good agreement of bearing ratios can be stated, compare Fig. 5
and Fig. 6.
The results show both kinematic embossed surfaces, (Fig.
5b, Fig. 6b,c) and surface with strong ploughing (Fig. 5a) as
well a a combination of both, Fig. 5c, Fig. 6a. The three sur-
faces with varying depth, Fig. 5, are the result of an uneven
cutting process, feed scallops distance is twice of one feed per
tooth. In Fig. 6b feed scallops of both cutting edges are clearly
and in Fig. 6c covertly visible.
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Table 1: Table of model and machining parameters. Model parameters: amplitude δˆ and phase shift of tool oscillation ω0 [degree], minimum chip thickness hmin
[μm], phase shift of tool entrance φ0 [degree] and the best-ﬁt normalised cross correlation of simulation and experiment c× [percent]. Model parameters: cutting
depth ap [μm], width of cut ae [μm] and feed per tooth fz [μm].
# δˆ ω0 hmin φ0 c× ap ae fz
5a 9.0699 70.3880 1.5097 120 83.54 10
5b 8.4652 102.1707 0.5659 90 85.99 15 20 18.75
5c 15.9645 51.8421 1.4533 0 71.48 20
6a 16.5958 101.9905 1.9393 0 64.37 25
6b 4.7648 95.2572 0.7919 0 77.67 10 30 18.75
6c 5.4175 104.5696 0.6249 120 83.37 35
Fig. 5: Simulated and experimental surfaces and bearing ratio curves; ae = 20 μm; (a) ap = 10 μm, (b) ap = 15 μm, (c) ap = 20 μm
Fig. 6: Simulated and experimental surfaces and bearing ratio curves; ap = 10 μm; (a) ae = 25 μm, (b) ae = 30 μm, (c) ae = 35 μm .
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5.2. Bearing ratio optimisation
The machining parameters to meet the required bearing ra-
tio curve, compare Fig. 4, are identiﬁed by solving (8) and are
determined as follows: ap = 15 μm, v f = 1642.1mm /min,
ae = 14.1 μm. The predicted and machined surface as well as
the comparison of the predetermined, predicted and experimen-
tal bearing ratio curves are plotted in Fig. 7. A general visual
conformity of the predicted and manufactured surface exists,
but is negatively aﬀected by the wrong prediction of the suc-
cessive phase shift φ0 = 90◦ of tool entrance angle, compare
Fig. 7(a) and Fig. 7(b). The phase shift of 90◦ causes a repe-
tition of texture every fourth path. In the veriﬁcation, a phase
shift of φ0 = −90◦ is found, so that the surface texture of the
prediction and the veriﬁcation has mirrored direction. The tex-
ture direction has no inﬂuence on the height distribution and
does not adversely aﬀect the agreement of the three bearing ra-
tio curves. The required, simulated and experimental Abbott
curves deviate only slightly from each other.
(a) Predicted surface. (b) Surface of veriﬁcation
experiment.
(c) Comparison of bearing ratios.
Fig. 7: Results for the bearing ratio optimisation.
6. Conclusion
In this paper a complex problem of micro surface generation
is considered. Based on a micro mechanistic surface model,
a parameter identiﬁcation to meet a required tribological be-
haviour according to a bearing ratio curve (Firestone-Abbott
curve) has been performed. In this study solely secured process
knowledge like trochoidal tool motion and the minimum chip
thickness concept is applied. For the dynamic tool oscillation
a bottom-up strategy is pursued, which is solely based on to-
pographic measurement and parameter identiﬁcation. Further-
more, it turned out that a material ﬂow must be considered for
milling with intensive ploughing. A warp of material and ma-
terial accumulation is modeled by a scaling factor. In this study
simulated surfaces are scaled by a factor between 1 and 4.
In summary, the presented results underline the potential of
the approach. One drawback is the wrong sign of the predicted
phase shift of entrance angle, which deﬁnes a direction of tex-
ture. With the available data it did not become clear how tex-
ture direction is aﬀected. Deeper investigations and additional
data are necessary at this point. For a complete function-related
optimisation the ﬁnal step are tribological investigations of the
manufactured surfaces to conﬁrm the tribological enhancement.
The model does not include wear mechanisms, tools are re-
placed instantaneously to suppress wear eﬀects. Wear is one of
the most inﬂuential variable and must be implemented in future
to reach a productive system.
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